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HYDRAtll ; p SUSPFKIS| n w SYST^ f/^ 
The Object Of the present invention is to pmvide a suspension system for a 
vehicle, the suspension system providing at least roll stiffness and having 
independent control of heave, roll and pitch damping. 

" wh- H "^'^ fnteroonnected suspension systems 

wh^ have the ability to passively di«ero„,,a.e between different modes of wheel 
n»tK« wrth rospec to the vehicle body and ther^foro provide a vadety of 

10 pa«^ of d-agonally interoonneCed double acUng wheel rams. This system 
P|^des dWeren. heave, roll and pitch st»fness rates with zero warp stiffness and 
2e«n. damprng rates in all four base suspension modes (heave, roi, p«ch and 
waT, . Th.s system supports the weight of the vehicle, so as the loads on the 

IS TZ' T- " " ""^ -^"^ <" 'n each 

15 Of the ,x volumes in the system must be adjusted. Also, as the six volumes in 

Tssirre'T™ '"^"^ • the 

POss b,.,.y fcr fluid to teaK across seals, which also ropulres fluid volume 

adjustments to be made to maintain the correct vehicle attitude. This reouira 

20 cost of the system rslaaveiy high for a passive system. 

An e»mple Of a passive system providing high roll stiffness with low warp 
stmness and negligible heave stiffness and providing h^h roll damping with 
tower, more comfortable and isolating heave damping can be fou,^ ^^e 

25 stiffness, separate support springs are required. 

in YamThrT ^'^'"'^ '^"^ ^ ^ 

in Yamaha s US patent number 6.486.018 and Kayaba's US6,024 366 The 

«ms each wheel damping ram having a damper valve in Its piston to pro' de 
dou^e-actlng damping but ma.e the .m slngle^ctlng (,e there i^ oniy fluid plrt) 

and out Of Phase (ie roll and/or pitch, motions. However .his system does no 
prov.de s«n«cant stilfness in any mode, so in addition to the need for support 
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spnngs, generally an«^l, ba. w«, be required for a good balanoe beh,een 
bounce and ro« sMness. AddrSonally, as the wheel are e«ecUvely single 
a«,ng (hav,ng only one fluid port, anKn.„. of dan,plng «,a. «,e device L 
S pro2" rr T " '"•""^"""•^ to svsten. to comba. 
1 1291737. but these add more plumbing and spool valves. 

It is therefore an object of the present invention to provide a hydraulic 

TIT rrr ""^^ """^"^ '^^'^ ™" 

10 dir^" T »' »hich can be 

"^"^ ^--te oPf-'saflon Of each 

provided '° '^-^ " "-^^ '"-^^n 

pmvded a damping and stiffness system for a vehicle suspension system fbr a 

15 T h I "r^^ '"^"^ ' "^-^ and a. leas, two ,6,Jd 2 ,L 

IS re^n^r, wheel assemblies, the vehicle suspension system also Including fl^ 
and rear res-,ent vehicle support means between the vehicle body and the wh^ 
assemblies for .sillently supporting the vehiCe above the wheel LsTn^^^e 
damping and stiffness system Including: ssemoiies. the 

'^^'« ^"^ *«> -««r Wheel mms located between the Wheel 

Chamber and a second pair of axiaily aligned primary chambers, each primaa^ 
^mber .ncMIng a piston sepa^ting each primary chamber into ^vo se<^Z 
26 Chambers, a flrat rod connecting me pistons of the two firs, primary chambeJ 
toning a «.t p^n n,d assembly and a second n,d conne,^„g Z^T^ 
«» two second primary chambers fbmiing a second piston rod assembly 

a nrst ,Z T """^^ ""^ 1^ 0^ being 

30 ■=''^""'«^«"'' being connected to the compassion chamber,^ 

30 a front wheel ram on a first side of the vehicle. n chamber of 

varies rv^'umeT^h"'''' '^'^ ""^'^ <=''^""'- «hich 
vanes .n volume .n the same direction as the firat ftont system chamber with 

mobon Of «,e firs, piston rod assembly, being a fl«t bacK pitch chamb^. 






one of the seeondaor chambers in tt,e first pair of primao- chambeis which 
vanes In volume in the opposite direction as the fln>t f«)nt system chaml>er wHh 
motion of the first piston rod assembly being a first back system chamber and 
being connected to the compression chamber of a back wheel ram on a finrt skJe 
5 of the vehicle, 

the other secondary chamber in the first pair of primanr chamber which 
vanes in volume in the same directton as the fl,^ back system chamber with 
motion Of the first piston rod assembly, being a first front pitch chamber 

10 K- "'««'^<'P«ir Of primary Chambers 

10 t»ing a second front-system chamber and being connected to the compression 
chamber of a front wheel ram on a second side of the vehicle, 

the other secondaiy chamber in the second pair oi prlmaiy chambers 
»tach varies in volume In the same direcOon as the second front system chamber 
IS Tmr"" '^'^ <^'°" being a second back pitch 

which vanes in volume in the opposite directton as the second ft«rt system 
chamber wrth motion of the second piston rod assembly being a second back 
system chamber and being connected to the compressfon chamber of a back 
zo wheelramona second skte of the vehicle, 

the other secondary chamber In ihe se<»nd pair of primaiy chambeis 
^ch vanes in volume in the same directton as «,e second back system chamber 
w«|^n»tion Of the second piston rod assembly, being a second front pitch 

^k""".^"" '""""^^ "^'"9 interconnected f6m,lng a 

ftont p«, volume and the mt and second back pitch chambeis being 
interconnected forming a back pitch volume, 

wherein the vehfcie is primarily supported by the roslllenf vehicle support 

i. 



means. 
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The wheel rams may all be single-acting. Any single-acting rams should 
.deally use two chambers with damping In the piston of the ram to provide good 
control Of rebound damping forces. It can be preferable, on vehicles with extreme 
roll moment distributions, to use double acting rams on the end of the vehicle 



.«qu,nng ,ha high ™il stiffh^s a™, singl^clng «„,8 on tt,e a«,er end »f «,e 
I . I T" "™ ^ ^ '"^ -V '-,u - 

veh.de being connected to comp,«ssion chamber of .he diagonally opposite 
5 "heel,am(attheopposl.eendandon«,eopposi.esideofmevehide) 

w,d^ «nge of pertbnnance is achieved using double-acing wheel ^ for all 

TT! '"^""^ " '^""^ «» Abound 

10 chamber of the diagonally opposite wheel ram...-. . ... .. . 

in the Jr"'"* ? '"""'^ "^^ "^^^ ""l""^ 
■n the strtfness and damping system. This resilience may come partially or even 

wh^fromthenuldused. However it is p«fe,able tor additional ,«snien«Z 
added, since damping of .his additional reslHence enables some deg«e of modal 
16 damping The^tore. he compassion chamber of each wheel i^mlybTir^ 
oommunicaflon with a respective accumulator. 

a ^JHy "^"^ P'"" volume though 

=^P^=^ an^ngement When fluM flows threugh «,e pHch valve .here is I 

'0 Zl^- T"^^ -H" <temping system, only some pitch 

.0 damping partially con.n„|ed by any damper valve In «,e pi.ch valve ar^ngemen. 

For ma»mum comfort i. may be advantageous to have no damping in the pK^' 

valve arrangement In some conditions. 

The front pilch volume may be connected to a frant pitch accumulator 

trough a .ton. pitoh damper vaK,e and the baC p,.ch volume Ly beZ^ 
> to a back p** accumula.or «,iough a back pitch damper vah,e. L pitTCT 

» used, or . it is ctosed. the fn,nt and back p«ch accumulators prevHe ad^lT^ 

pitch resilience in the stiffness and damping system. 

valve ''^'^"^ a «>n*»lled variable damper 

valve. Memabvely or addlBonaBy. the pitoh valve an^ngemen. may Include a 
^ckou. valve to isolato fton. pitoh volume ftom «,e back pKch voLe. The 

any or all of longitodinai accelere«on. «,«m,e pos«icn sensor or swi.ch bre,^^ 






^"ZT"."' "^'^ «-e™«o„ 

s.g„als fontanel rearverttea. aecelen,mate,B. or wheel posKion senso,s 

Chamber, a™, or a valve may be p^vMed to .„,e,«,„neC ,he back 
5 compressK-n chambers. These m« valves ^move some or el, of «,e rC, s«ffnest 

Ten ZlM w^"^ ^ ~ "--"^ -""o- 

rrr . -"""^ or 

When the surface requires more roll stability from the suspension system The 

rate, ve rcie speed, lateral acceleraUon. roll veiocHy or accele«tlon signals, le^ 
and nght vertical acceierometers. or wheel positions. 

As the support means are the primary support (br the vehicle body, an four 
system chambers (ftont len. front right, back ie« and back Hght) can haveTe 

15 same static operating/prechar^e pressure. A^. as the siem Il^I 

hydraul„ „uld and gas. both o, which expand with increasing tem^m 

^^re compensatk. arrangement is required in order to maLin L Zm 

^«c p^ssure and roll s««hess w«hin a design range over the design 

temperatr^. This pressure oompensatton anangement can also be usTto 

~;rr\'*"'">'"""'°-<-'«- Therefore a pressure main J„a„<^ 
dev«e c^n be connected each of the four system chamber, by respeobve 
valves. Addmonally. the pitch chambers can have .he same operajg/^^^ 
pressure as each other and even opttonaily. the same pressure as 

Therefore, at least one pifoh chamber may be connected 

"T"" ' pressure 

ma^tenance device and me pitch chamber^s) can be simple resLlL' 

CTe '"T' °" ^ " ^ A^e-3«veTZ 
may be any omer type of valve such as a solenoid actuated valve, alftough to 

30 =er::rr'^^^"'"°"°-"'--*---~- 

The pressure maintenance device can bp o «imrM« 
AM X. . . «»vn^ oan De a simple accumulator 

ptm r: ''"^ ' '""^"'^ — - a pr": 

pressure. The fluK, pressure source may be a pump and a tank and accumulator 
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may be included. Alternatively, the fluid pressure source may be a conduit ftom 
another fluid pressure source on the vehicle, such as power steering, brakes, etc 
The preset pressure that the pressure maintenance device regulates to 
may be a fixed pressure (le using a pressure relief valve to cold circuit fluid or a 
5 pressure switch). AHematively the preset pressure that the pressure 
maintenance device regulates to may be may be varied as a result of operator 
input (to switch or control stiflhess), as a function of vehicle load, as a function of 
system temperature, or a combination of any or all of the above. 

The pressure maintenance device may Include first and second output 
10 pressure conduits; the system^ chambers being connected to the flrst output 
pressure conduit and the at least one pitch chamber being connected to the 
second output pressure conduit The pressure in the system chambers can then 
be regulated separetely from the pitch chamber pressure. The pressure in either 
or both Of the first and second output pressure conduits may be detemilned by 
15 .ndrvKJual simple accumulators or regulated to a fixed or variable pressure In 
that way the reil and pitch stiflhesses of the stiflhess and damping system can be 
separately regulated. 

In order to previde a centring Ibrce on the load distribution unit piston and 
«. Z^ZZ: " - '-.em or 

The vehicle support means may be any known support means such as coil 
spnngs. air springs, torsion bars, leaf springs and mbber cones. The vehfcte 

around the wheel rams or mounted separately. 
25 The accompanying drawings illustrate prefened embodiments of the 

present invenUon. other embodiments are possible, and consequently the 
partcularity of the accompanying drawings is not to be underatood as 
superseding the generality of the preceding description of the invention. In the 
drawings: 

0 Figure 1 Is a schematic view of a flret possible anangement of a hydraulic 
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Figure 2 is a scliematic view of a second possible arrangement of a 
hydraulic system according to the present invention, being similar to the first 
arrangement, but with the addition of a pressure maintenance arrangement. 

Figure 3 is a schematic view of a third possible arrangement of a hydraulic 
5 system according to the present invention, having both stiffness and damping in 
both the roll and pitch modes. 

Figure 4 is a schematic view of a fourth possible an-angement of a 
hydraulic system according to the present invention, including valves to reduce or 
eliminate roll and pitch stiffness and damping. 
10 - Referring initially to figure-1 .Mhere is-showr^ a suspension system for-a 
vehicle. Four wheel rams (11. 12. 13. 14) are located between the vehicle body 
(not shown) and four orthogonally disposed wheels (not shown) of the vehicle. 
Each wheel ram includes a cylinder (15. 16. t7. 18) connected to a wheel hub or 
other suspension geometry to move with the wheel, a piston (19. 20 21 22) 
15 slidably housed within the cylinder, and a rod (23. 24. 25. 26) fixed between the 
piston and the body of the vehicle. The connection of the rod to the vehicle body 
may be by any known means, usually through a rubber bushing which In the case 
of MacPherson strut geometry usually includes a bearing. 

For ease of understanding, the vehicle resilient support means are shown 
as "coil-overs-, le coil springs (27. 28. 29. 30) positioned around the wheel ram 
and located between a lower spring plate (31. 32. 33. 34) fixed to the cylinder and 
an upper spring plate (35. 36. 37. 38) which may be connected to the vehicle 
body or the rod (directly or Indirectly such as via a bearing or bushing). It should 
be understood that the resilient support means may be of any alternative known 
type such as for example air springs and may be located around the cylinder as 
shown with the coll springs or separate to the ram. which broadens the 
alternatives, for example, to torsion bars connected to the geometry provWing 
wheel location. 

The wheel rams are of basically conventional double-acting rams. Taking 
the front left wheel ram 1 1 as an example, the piston 19 (which may be formed as 
an integral part of the rod 23) has two grooves containing a bearing 39 and a seal 
40. In some cases, the individual bearing and seal parts can be replaced by a 
single item (not shown) which may be bonded to or fonned around the piston for 
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ease of assembly and low cost The cylinder end (41) has three grooves 
containing a rod seal 42. a bearing 43 and a rod wiper 44 or other form of 
secondary seal such as an excluder. Each ram therefore has a compression 
chamber (46. 46. 47. 48) and a rebound chamber (49. 50. 61. 52) fonned by the 
5 piston (19. 20, 21. 22) within each cylinder (15. 16. 17. 18). 

The four double-acting wheel rams are connected by a pair of diagonal 
circuits to provide passive decoupling of roll and pitch stiffness from heave 
stiffness. The first diagonal circuit comprises two fluid volumes, a front left 
compression volume and a bacl< right compression volume. 
10 The -front left compression volume includes- the front left compression 

chamber 45. a front left compression conduit 61. a front left compression 
accumulator 69. a back right rebound conduit 67 and a back right rebound 
chamber 51. The back right compression volume simiiariy includes a back right 
compression chamber 47. a back right compression conduit 63. a back right 
15 compression accumulator 71. a front left rebound conduit 65 and a front left 
rebound chamber 49. 

The second diagonal circuit simiiariy comprises two fluid volumes, a front 
right compression volume and a back left compression volume. The front right 
compression volume includes the front right compression chamber 46. a front 
right compression conduit 62. a front right compression accumulator 70. a back 
left rebound conduit 68 and a back left rebound chamber 52. The back left 
compression volume similarly includes a back left compression chamber 44. a 
back left compression conduit 64. a back left compression accumulator 72. a front 
right rebound conduit 66 and a front right rebound chamber 50. 

This simple diagonal connection arrangement would displace a 
compression chamber and the annular rebound chamber of the diagonally 
opposite wheel ram into each accumulator in roll and pitch, whereas in heave 
only a rod volume (compression chamber minus annular rebound chamber) is 
displaced into the accumulator giving a higher roll and pitch stiffness than heave 
30 stiffness. 

Between the first and second diagonal circuits Is a load distribution unit 
comprising four primary chambers (77. 78. 79. 80). each separated by a piston 
(81. 82. 83. 84) including a piston seal (85. 86. 87. 88) into a system chamber 
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(89. 90. 91. 92) and a pitch chamber (93. 94. 95. 96). The pistons are connected 
together In pairs by rods (97. 98) which have seals (99. 100) mnnlng on them to 
seal pitch chamber 93 from 96 and 94 from 95. 

The front left system chamber 89 is connected to the front right 
5 compression conduit 61 and now fom.s part of the previously defined front left 
compression volume. SImifarly. the front right system chamber 90 is connected 
to the front right compression conduit 62 and now fomis part of the front right 
compression volume, the back right system chamber 91 is connected to the back 
nght compression conduit 63 and now fomis part of the back right compression 
10 volume, and finally; the back left system chamber 92 is connected to the back left 
compression conduit 64 and now fomis part of the back left compression volume 
In roll, the rods (97. 98) react the pressure changes in the first and second 
diagonal circuits, maintaining the roll stiffness of the hydraulic system. To remove 
the warp stiffness of the hydraulic system, the front left pitch chamber 93 is 
15 connected to the front right pitch chamber 94 by a passage 101 (the two front 
pitch chambers 93. 94 and the passage 101 together fomiing a front pitch 
volume), and the back right pitch chamber 95 Is connected to the back left pitch 
Chamber 96 by a similar passage 102 (the two back pitch chambers 95. 96 and 
the passage 102 together fonnlng a back pitch volume). 
0 To remove the pitch stiffness of the hydraulic system, the front pitch 

chambers 93. 94 are connected to the back pitch chambers by a passage (103) 
In order to provide pitch damping in the hydraulic system, a damper valve 104 Is 
placed In the passage 103. The damper valve 104 can be a passive valve of any 
known type (shim tree stack, coll blow-off. etc) or may actually be. or simply 
incorporate a controlled variable restriction (the control being based on inputs 
from sensors for longitudinal acceleration and/or throttle and brake position) The 
max,mum force available at the wheels, due to this pitch damping valve 104 Is 
Lmrted by the pitch stiffness of the first and second diagonal circuits (which is 
related to the roll stiffness and therefore far higher than is ever desirable) This 
arrangement allows the pitch damping of the suspension to be set relatively 
.ndependently of all other parameters, giving great freedom to achieve the 
optimum damping setting for a vehicle. 
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One preferred arrangement of the pitch damper valve 104 is a passive 
damper valve In parallel with a high flow switchable bypass valve which Is 
controlled to be open in normal steady state running of the vehicle and closed 
while the vehicle Is accelerating or braking. A more complex control can be used 
if pitch acceleration or wheel positions are sensed to allow the valve to also be 
closed over wave Inputs which are of the frequency that excites pitch of the 
vehicle body. When the bypass valve is in the open position, single wheel 
damping is reduced (as it is related to pitch damping), providing further comfort 
gains and permitting the use of a more aggressive pitch damper valve If 
necessary to control pitch when the bypass-valve is closed.- - — • • . . .... : ^ 

Damping of all motions of each wheel relative to the body can be achieved 
using dampers at the cylinders to damp the passage of fluid primarily out of (but 
can also be Into) at least one of the chambers of each wheel ram. Restrictions 
(105. 106. 107, 108) are shown on the front compression conduits for providing 
damping. These restrictions may act for fluid flow in both directions to provide 
compression and rebound damping. However, with typical system design 
parameters, it Is preferable that tiie restrictions 105. 106, 107, 108 are 
compression dampers only, acting to restrict fluid flow In only the compression 
direction with an Intake (non-retum) valve used In parallel to allow free flow of 
fluid into the compression chambers in rebound motions to prevent cavitation. 
Then rebound dampers (109. 110. Ill, 112) are required which are similarly 
single acting, this time for rebound direction fluid flows, with an Intake valve in 
parallel for free Ingress of fluid Into the rebound chamber In compression motions. 
Of course, the rebound valves (109. 110. 111. 112) can be designed to provide 
25 similar or differential restrictions in both directions if required. 

These wheel damper valves (105 to 112) can be integrated into the ram 
design or fitted as shown, on the conduits. They can be of any known fomi, and 
can be controlled to provide variable or switchable force vs. velocity curves. 

Additional damper valves can be used between the system conduits and 
the accumulators to provide additional damping, primarily for roll and pitch 
motions of the vehicle. Again, although these valval are shown as simple 
restrictions, tiiey may take the fonm of any known damper valve. Including 
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variable damper valves and may be switchable between comfort and handling 
settings (or a switchable bypass may be used to reduce or eliminate their effect). 

If the compression damper valves (105 to 109) are integrated into the 
wheel rams (11 to 14) then the accumulators (69 to 72) and the optional 
accumulator damper valves (113 to 116) can also be integrated Into the wheel 



rams. 
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As the hydraulic system is not the primaiy means of support (ie the coll 
springs - or air. etc. springs provide a large portion of the vehicle support) all of 
the volumes In the system (the previously defined front and rear left and right 
compression volumes, and the front and back pitch volumes) can be operated at 
a common static pre-chaige pressure. The advantage of operating all systems at 
the same static pre^arge pressure is that pressure differentials across piston 
seals throughout the system are eliminated and so therefore are attitude changes 
caused by fluid leakage between the systems, and the need for a powered control 
15 system which can pump fluid between the volumes. 

Although a powered control system using pump, valves, position sensors 
can be used If desired, figure 2 shows a preferred method of maintaining the 
average position of the load distribution unit pistons and the static pre^harge 
pressure in the fluid volumes. 

If the system volumes are all run at a common pressure and 
interconnected (albeit In a highly restricted manner). It is possible to maintain the 
centre position of the pistons in the load distribution unit using resilient devices to 
bias the pistons to a central position without the need for any sensors or powered 
adjustment. The resilient devices add to the pitch, warp and single-wheel 
strffnesses of the hydraulic system, so this should be borne In mind when 
selecting the stiffness of these springs. Coil springs are shown in figure 2 
although any resilient device may be used. 

The system chambers are connected via restrictions (145. 146, 147, 148) 
to a common conduit or passage 151 which Is in turn connected to a pressure 
maintenance device 152. The interconnected frent and back pitch volumes only 
require a single heavily damped connection to the pressure maintenance device 
152, shown as the restriction 149. also connected to the common conduit or 
passage 161. Each restriction is typically a micro orifice with filters either side to 
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prevent blockage, although any known restrictive means may be used The 
orifice is sized to provide the characteristics required to maintain the pressures in 
the system volumes within an acceptable range whilst preventing significant fluid 
loss during comering to maintain the static roll attitude within an acceptable range 
when returning to straight line running. 

Although the pressure maintenance device 162 may be omitted, changes 
in the volumes of fluid and gas in the hydraulic system and its accumulators 
through the operating temperature range of the vehicle are usually large enough 
to require some fomi of compensation device. The complexity of this device can 

vary significantly-.- depending on -the design- parameters and the functionality 
required. 

In Its simplest fomi. the pressure maintenance device (152) can be a 
simple accumulator with any known construction (for example bladder-type with 
gas spring, piston-type with gas spring or with mechanical spring). 
15 Alternatively the pressure maintenance device (152) can use a fluid 

pressure source (such as a tank with a pump, or another vehicle system such as 
the power steering) to maintain the pressure in the hydraulic suspension volumes 
to erther a fixed or a variable pressure. If a fixed pressure is chosen, the 
components required can be simple, cheap, passive, mechanical parts, however 
as the system temperature changes, the system stiffness will change slightly To 
maintain the system stiffness characteristics constant with varying temperature 
the pressure In the systems must be adjusted in dependence on their 
temperature. 

Also, the roll stiffness of the hydraulic suspension system can be adjusted 
by changing the pressure in the systems, so if a pressure maintenance device 
(162) with variable pressure set-points is used, the pressure can be varied in 
dependence on the load in the vehicle and/or by a driver operated mode selector 
or a variable selector. 

Figure 3 shows an alternative arrangement of the hydraulic suspension 
system. The passage 103 connecting the pitch volumes has been removed and 
each pitch volume Is now connected via a passage or conduit (181. 182) to a 
respective accumulator (183. 184). This an-angement provides a pitch stiffness 
detemiined by the cylinder sizes and the gas volume In each accumulator 
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Therefore, the pitch stiffness can be set venr low. One advantage of this 
arrangement over the version in figures 1 and 2 is that the diameter of the prima™ 
chambers (77. 78. 79. 80) in the load distribution untt can be used to set the roll 
moment distribution (or contribute to it). In figui«s 1 and 2. the diameter of the 
5 cylinden, (15, 16, 17. 18) of the wheel rams is the main tuning parameter 
available (along with the mechanical advantage of the wheel rams, etc) to enable 
the roll moment distribution of the system to be set The pistons (81 . 82 83 84) 
-n the load distribution unit are all of the same diameter, as the fluid used In the 
P*ch chambers Is reasonably Incompressible, so the front to rear volumes must 
10 match.(although see additional notes below).- If the pistons In the load distribution 
unrt are all of the same diameter, then to proporiion the force changes in a typical 
greater than 50% distribution between the f«,nt and rear wheel rams in .oli, the 
diameter of the front cylinders (15. 16) must be iai^r than the diameter of the 
^ar cylinders (17, 18). Then when the pressure is balanced th,«igh the load 
IS distnbution unit rods and pistons, the larger ftont cylinder diameter gives a larger 
front cylinder (brce. However, when the vehicle roll moment distribution is 
extreme (can be over 80%). the diameter of the font cylinders (15, 16) becomes 
extreme compared to the diameter of the back cylinders (17. 18). This causes 
large volumes of fluid to be moved to and fi»m the front wheel rams with front 
0 «*.eel motion, leading to undesirable mm forces due to fluid mass acceleration 
effects. This can be overcome by sizing the front and rear cylinders (15. 16 and 
17. 18) to have a more similar diameter and changing the roll moment distribution 
of the hydraulic system using the load distribution unit In figure 3. the front 
pnmanr chambers (77. 78) have a smaller diameter than the rear primary 
. chambers (79, 80). This means that In roll, for the load distribution unit rods and 
pistons to be balanced, the pressure In the ftont compression volumes must be 
higher than the pressure in the back compresston volumes, giving the required 
directton in roll moment distributton. The load distribution unit can be sized to 
provide the entire bias required for the design roll moment distributton for the 
hydreullc system, or a portfon of the bias, with the wheel cylinder diameters being 
used to make up the rest of the bias required, or the wheel cylindeis can be used 
to provide the entire bias required, with the toad distribution unit having similar 
diameter chambers all round. 
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It should be noted that an accumulator could be used on the passage 103 
in figures 1 and 2. with two single acting damper valves, one between the 
accumulator and the front pitch volume, damping fluid flowing out of the front 
pitch volume, and one between the accumulator and the back pitch volume 
6 damping fluid flowing out of the back pitch volume. Then differential bores can be 
used between the front primary chambers (77. 78) and the back primary 
chambers (79. 80) to adjust roll moment distribution as described above. 

Retuming to the arrangement shown in figure 3. pitch damping is provided 
by damper valves In the conduits (181. 182) between the two pitch volumes and 
10 their respective accumulators (183.-184). . Again; preferably these damper valves 
are single-acting, providing restriction in the compression directton for each 
accumulator (ie they act to restrict fluid flow out of the pitch volumes into the 
accumulators and have relatively free flowing 'intake valves' to allow fluid to freely 
flow out of the accumulators back into the pitch volumes. These valves can be of 
16 any known construction and can be switchable or provide variable damping 



curves. 
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The pressure maintenance arrangement shown In figure 2 can be easily 
and obviously adapted to Include a restricted connection to the back pitch volume 
as it is not longer in communication with the front pitch volume. Altematively. the 
pitch volumes can be maintained at a different pressure to the front and back, left 
and right system volumes. Then the roll stiffness could be controlled by 
controlling pressure in the four system volumes and the pitch stiffness could be 
controlled separately by controlling the pressure ih the two pitch volumes. 

An alternative method of changing the roll and/or pitch stiffness is to use 
additional accumulators. For roll, accumulators can be located on the two front, 
the two rear, or all four compression volumes. For pitch, additional accumulatore' 
can be added to either or both of the front and back pitch volumes. In all cases, 
the accumulators can be connected to the hydraulic system through switchable 
lockout valves. This allows for the roll and/or pitch stiffness to be switched 
between a high and a low setting. These settings are generally either side of a 
multi purpose single setting, so that the system can provide Improved handling 
and control with high stiffness and improved comfort with low stiffness, as 
selected or controlled automatically by any know means (acceleration sensors 



15 



20 



25 



30 



"•5 

throttle and brake sensors, position sensors, etc). An alternative to hydraulically 
switching a whole accumulator in and out of the systems, is to use an 
accumulator design with two gas volumes, then simpler, cheaper gas switching 
valves can be used to vary the gas volumes available to the systems by switching 
5 the lock-out valve to between the two gas volumes to isolate one of the volumes. 

A further alternative method to switch the roll and/or pitch stiffness is to 
employ 'bridging valves' which connect at least two of the system or pitch 
volumes together, as shown In figure 4. 

Pitch interconnection valve 191 interconnects the front and back pitch 
10 volumes together to remove the pitch stiffness as in figures l^and -2. -This pitch 
interconnect valve 191 may be a simple lockout valve to remove the pitch 
stiffness and damping to give the optimum comfort levels, or it may Include a 
damper valve in series with the lockout valve to damp the interconnection. 
Alternatively, it may be a controlled variable damper valve or even just a passive 
damper valve. The control of the lockout valve or variable damper valve needs to 
sense vehicle parameters to ensure that the hydraulic system Is stiff In pitch 
during accelerating, braking or wave-Induced pitch motions, and that the system 
Is soft in pitch (and therefore provides improved single-wheel comfort) during 
normal running of the vehicle. It could be a mechanical or electrical arrangement 
sensitive to longitudinal acceleration, brake or throttle position. Alternatively, it 
could be electronic, sensing pitch motions using accelerometers and/or wheel 
positions. Instead of. or in addition to. or alternatively sensing longitudinal 
acceleration, brake orthrotUe position. 

Roll interconnection valve 192 is shown interconnecting the two front 
compression conduits (61. 62) of the hydraulic system. This removes a large 
component of the roll stiffness and roll damping of the hydraulic system as. not 
only can the front compression volumes freely exchange fluid, removing the roll 
stiffness and damping (nomnally due to the accumulators 69. 70 and their damper 
valves 113. 114) but the back compression volumes can exchange fluid through 
the load distribution unit piston and rod assemblies (81. 97. 84 and 82. 98. 83) 
moving (as If reacting to a warp motion) and transferring fluid through Ihe front 
compression conduits and the roll Interconnection valve 192. To reduce the flow 
path required for the fluid from the back compression volumes, a similar roll 
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interconnection valve may be provided between the back compression conduits 
Erther way the roll stiffness and damping due to the rear compression 
accumulators 71. 72 and their damper valves 115. 116 is also partially or 
substantially removed. 

5 The roll interconnection valve(s) can be located anywhere between the 

front (and/or rear) compression volumes. For example, the valve 192 can be 
designed Into the load distribution unit (76). interconnecting the front compression 
system chambers 89. 90. 

As with the pitch Interconnection valve, the roll interconnection valve(s) 
10 can be a lockout valve or variable restriction.- The control can be mechanical or 
electrical, sensitive to lateral acceleration or steering wheel position. Ideally the 
control ,s electronic, sensing steering angle and/or steering velocity, vehtele 
speed and lateral acceleration. 

Although figure 4 shows differential bores in the load distribution unit 
15 obviously the same diameter bore can be used front and rear If desired. 

The connection sequence of the hydraulic rams to the load distribution unit 
.s the same In all of figures 1 to 4. However, as Is obvious to any person skilled in 
the art. the connection sequence can be changed to produce similar functionality 
The connecting passages 101. and 102 may need to be moved to suit For 
10 example, the system chambers can all be In the two forward primary chambers 
(77. 78). elttier side of the two pistons 81 and 82. with the pitch chambers being 
in the other two primary chambers (79. 80) either side of pistons 83 and 84 
Alternatively, the system and pitch chamber locations could be reversed from the 
layout shown in figures 1 to 4. 

Single-acting rams can be used at all four wheels, but tiie roll 
stiffness and damping available is very limited. However. In the case of extreme 
roll moment distributions (70o/o upwards or an even broader range, depending 
upon vehicle stiffness and geometry parameters) it can be beneficial to use 
single-acting rams at one end of the vehicle. Double-acting rams are retained at 
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the end of the vehicle requiring higher change In roll loads. With the single-acting 
rams, the rebound conduits are deleted. Ideally the pistons are used as damper 
valves to provide sufficient rebound damping for control. 
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